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Maltoheptaose and several N-linked glycans were ionized by electrospray as adducts with the
divalent cations Mg21, Ca21, Mn21, Co21 and Cu21. [M 1 metal]21 ions were the major
species in all cases with calcium giving the highest sensitivity. In addition, copper gave [M 1
Cu]1 ions. Other cations gave singly charged ions only by elimination of a protonated
monosaccharide. Fragmentation of the [M 1 metal]21 ions produced both singly and doubly
charged ions with the relative abundance of doubly charged ions decreasing in the order Ca .
Mg . Mn . Co . Cu. Singly charged ions were formed by elimination of a protonated
monosaccharide residue followed, either by successive monosaccharide residue losses, or by a
2,4A cross-ring cleavage of the reducing-terminal monosaccharide. Formation of doubly
charged fragments from [M 1 metal]21 ions involved successive monosaccharide-residue
losses either with or without O,2A or 2,4A cross-ring cleavages of the reducing-terminal
monosaccharide. Abundant diagnostic doubly charged ions formed by loss of the 3-antenna
from the O,2A cross-ring product were specific to [M 1 Ca]21 ions. Fragmentation of [M 1
Cu]1 ions was similar to that of the corresponding [M 1 H]1 ions in that most cross-ring
fragments were absent. (J Am Soc Mass Spectrom 2001, 12, 926–937) © 2001 American
Society for Mass Spectrometry
Numerous studies (for example [1–30]) on thefragmentation of carbohydrates have shownthat the predominant fragmentation pathways
consist of glycosidic cleavages that involve single bond
rupture between the sugar rings, cross-ring cleavages of
the rings themselves and production of the free cation
where ionization involves adduction with an alkali
metal. The glycosidic cleavages, which predominate
and which are thought to be mainly charge-induced
[31], provide information on the sequence and branch-
ing of constituent monosaccharides whereas the cross-
ring cleavages, whose formation appears to involve
charge-remote processes [31], yield additional informa-
tion on the linkage position of one residue to the next.
Complicating the picture, however, is the tendency for
several fragmentations to occur from different regions
of the molecule to give the so-called “internal” frag-
ments whose formation often involves diverse fragmen-
tation pathways.
The extent to which each of these fragmentation
processes occurs depends on a number of factors such
as the nature of the ionizing cation [32–35], the energy
imparted to the ion on fragmentation [15] and the
lifetime of the ion before detection [36]. For example,
ions formed by alkali metal [5, 10, 13, 17, 32] and some
divalent [14, 17] and transition metal adduction [24, 37],
fragment to give many more cross-ring cleavage prod-
ucts than those involving hydrogen addition. The na-
ture of the cross-ring products is also a function of ion
energy [15, 38]; higher energies tend to promote the
formation of X-type cleavages in addition to the A-type.
Because of this dependence on ion energy and lifetime,
the nature of the resulting spectra are dependent to
some extent on the type of instrument used to record
the spectra. The nature of post-source decay (PSD)
spectra recorded with time-of-flight instruments fitted
with delayed extraction, for example, will depend, not
only on the nature of the matrix, but also on the delay
which controls the lifetime of the ion in the ion source
[36].
Investigators in this laboratory [35, 39–42] and oth-
ers [43–46] have recently performed several fragmenta-
tion studies of underivatized N-linked glycans and of
those derivatised at their reducing-termini using colli-
sion-induced dissociation (CID) with the Micromass
Q-Tof mass spectrometer. Our results so far have
shown that the most informative fragmentation is ob-
tained from the [M 1 Na]1 or [M 1 Li]1 ions produced
under high cone-voltage conditions [35]. Although both
of these ion types and the corresponding [M 1 H]1
ions, obtained under acidic conditions, fragmented pre-
dominantly by glycosidic cleavages, the [M 1 alkali-
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metal]1 ions gave additional cross-ring cleavage frag-
ments, as observed by others [5, 10, 13, 32–34] yielding
linkage information. Doubly-charged ions, obtained by
electrospray at lower cone voltages, invariably con-
tained at least one proton which tended to direct the
fragmentation into the mode yielding few, if any, infor-
mative cross-ring fragments. In addition to the most
informative spectra, the [M 1 Na]1 ions also gave the
maximum sensitivity [35] and would appear to be the
most useful precursors for obtaining fragmentation
information from complex glycans. However, under
electrospray conditions, these ions needed a high cone
voltage for efficient production, conditions that also
produced a substantial amount of in-source fragmenta-
tion, thus rendering them less useful for producing
glycan profiles that reflected the composition of the
original sample. The most satisfactory conditions for
obtaining structural information from glycan mixtures
would be to produce only molecular ions at the ioniza-
tion stage, so that the composition of the mixture can be
assessed and then to produce fragments from selected
molecular ions in a second, MS/MS stage.
Several recent reports have highlighted the property
of the divalent cation, cobalt, to produce cross-ring
fragments [24, 37] and for calcium to be very efficient at
ionizing carbohydrates [37]. In addition, divalent cat-
ions, particularly when combined with 2,2'-bipyridine
in a ternary complex have produced considerably en-
hanced signal strengths for flavonoids under electros-
pray conditions [47]. The use of several divalent metal
cations for ionizing the glycans by electrospray with a
Q-Tof instrument was, therefore, investigated in this
work with respect to the production of CID spectra and
to their production of abundant doubly-charged ions at
low cone voltages without in-source fragmentation. The
ions chosen were cobalt, calcium, copper, manganese
and magnesium. The metals nickel and iron were not
investigated as they apparently do not easily form
complexes with carbohydrates [37]; likewise, zinc was
not included as it apparently only forms comparatively
weak complexes [37]. The carbohydrates included the
linear oligomer, maltoheptaose and N-linked glycans
from ribonuclease B and hen egg white glycoproteins,
predominantly ovalbumin, the structures of which have
been well characterized [48–50].
Materials and Methods
Materials
Maltoheptaose and glycoproteins were obtained from
Sigma Chemical Co. Ltd., Poole, Dorset, UK. The N-
linked glycans were released from ribonuclease B and
ovalbumin by large-scale hydrazinolysis as reported
earlier [51]. The inorganic salts (cobalt(II), copper(II)
and sodium chloride, magnesium and manganese sul-
phate) were from BDH Chemicals, Poole, UK, and
calcium chloride was from Sigma.
Electrospray Mass Spectrometry
Electrospray MS and MS/MS spectra were recorded
with a Micromass Q-Tof mass spectrometer fitted with
a Z-spray electrospray ion source (Micromass Ltd.,
Manchester, UK). The carbohydrates (1 mM) were dis-
solved in 1 ml water:methanol (1:1 by volume). 20 ml of
this solution was mixed with 20 ml of a solution
containing 10 mM of inorganic salt in 180 ml water:
methanol (1:1 v:v) to give a solution containing 100
pmoles/ml of carbohydrate. This solution and that
made by a 1 in 10 dilution, was infused into the mass
spectrometer using the nanoflow probe at between 200
and 400 nl/min. The needle voltage was 3000 V and the
ion source was maintained at 100 °C. Argon at 20 psi
was used as the collision gas and the collision energy
and cone voltage were adjusted as described below. The
resolution of the quadrupole was set to pass the isotope
peaks of the carbohydrates (window of about 4 mass
units). Each spectrum was the accumulated data over
2.4 sec of individual scans of 100 msec each. Spectra
were accumulated until a satisfactory signal:noise ratio
had been obtained. The collision energy for the CID
spectra (usually in the range 20–35 V, depending on the
mass of the parent ion and the adduct) was set for each
compound at a value that gave a molecular ion intensity
of approximately 50% that of the most abundant frag-
ment ions of lower m/z value excluding, when present,
the very abundant ions below m/z 210. All comparative
spectra were recorded under the same conditions. Spec-
tra were acquired and processed with Micromass Mass-
Lynx software. The Maximum Entropy 3 program in-
corporated into the MassLynx software was used to
reduce the spectrum into its singly charged equivalent
in order to simplify interpretation.
Relative ion abundance data for Figure 1. High-mannose
N-linked glycans from ribonuclease B were infused via
the nanoflow probe at 200 nl/min. Twelve spectra were
averaged for each of several cone voltages between 2
and 200 V. Spectra were smoothed (Savitsky-Golay
procedure, twice with a window of 5) and background-
subtracted, and the heights of the relevant peaks were
measured and normalized for the ion current corre-
sponding to the most abundant peak of those selected.
Results and Discussion
Nature of ionization
The dominant species formed by all salts from both
maltoheptaose (linear b134-linked glucose) and the
N-linked glycans was [M 1 metal]21 with its abun-
dance maximizing at a cone voltage of about 25 V
(Figure 1a and b). Although the anions differed with
some of the salts, there was no significant difference in
the production of [M 1 metal]21 ions. Small amounts
of [M 1 metal 1 (salt)n]
21 ions were also formed, par-
ticularly with manganese. The [M 1 metal 2 H]1 and
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[M 1 metal 1 Cl]1 ions reported by Sible et al. [37]
using a triple quadrupole mass spectrometer were not
observed, possibly reflecting the type of mass spectrom-
eter used. Fragmentation of the [M 1 metal]21 ions
became prominent with all metals as the cone voltage
was increased, except those ions formed with copper.
Fragmentation involved dissociation of the [M 1 met-
al]21 ions into singly-charged [M 1 metal]1 ions with
loss of a monosaccharide residue (mannose 162 mass
units) in the case of the glycans from ribonuclease B)
(Figure 2a). In the case of copper, the [M 1 Cu]1 ion
was formed without apparent loss of carbohydrate
indicating that its valency state must have changed to
Cu(I) (Figure 2c), behavior that has been observed
before under electrospray conditions [52, 53]. The sin-
gly-charged [M 1 Cu]1 ions, once formed, were unsta-
ble at high cone voltages and readily decomposed, first
by loss of the reducing-terminal GlcNAc residue in-
volving a B-cleavage (Domon and Costello [54] nomen-
clature) and then by successive losses of mannose residues
(Figures 2c, and 1b) involving Y-type glycosidic cleavages
(in the context of this paper, terms such as “successive
losses” are used descriptively in order to rationalize the
spectra and do not necessarily imply the existence of a
specific fragmentation pathway). In this respect the suc-
cessive losses of dehydroxymannose mirrored the behav-
iour of adducts formed with sodium or lithium [35]. The
presence of the copper in these ions was revealed by its
characteristic 63Cu/65Cu isotopic ratio.Figure 1. Plots of ion current against cone voltage for the cobalt
(a) and copper (b) adducts of (GlcNAc)2(Man)5.
Figure 2. Mass spectra of the cobalt adducts of N-linked glycans (mainly (GlcNAc)2(Man)5 from
ribonuclease B recorded at a cone voltage of 200 V (a) and 20 V (b) and of the copper adduct recorded
at 200 V (c). Symbols for the structures are: open circle 5 mannose, filled square 5 GlcNAc. Fragment
ions are designated by the nomenclature proposed by Domon and Costello [54] as in the inset.
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Sensitivity
The relative ability of the salts to ionize carbohydrates
was examined by infusing a solution of maltohepaose
in an equimolar mixture of the five salts and recording
the spectra at several cone voltages. Calcium was the
most effective at ionization with magnesium, manga-
nese and cobalt being somewhat less efficient (Figure 3).
Copper was the least effective at forming [M 1 met-
al]21 ions, reflecting its greater ability to form singly
charged ions. Sible et al. [37] reported similar results in
their study with calcium being the most effective at
ionizing the carbohydrates.
The [M 1 metal]21 ions were formed in higher
abundance than any ion involving the alkali metals
studied earlier [35]. A solution of 50 pmoles/ml of
maltoheptaose was infused through the nanoflow
probe with calcium chloride at 400 nl/min and a single
spectrum (2.4 sec. acquisition) of the [M 1 Ca]21 ion
was recorded with a signal:noise ratio of 200:1. An
equivalent spectrum from the sodium adduct, where
the [M 1 Na]1 ion was the most abundant [35], gave a
signal:noise ratio of only 5:1.
Fragmentation
Maltoheptaose. Comparison of the CID spectra of mal-
toheptaose ionised with the various adducts (Figure 4)
showed that, although the [M 1 metal]21 ions frag-
mented mainly by Y-type glycosidic cleavages, result-
ing in successive losses of glucose residues, the extent of
singly- and doubly-charged fragments differed consid-
erably as a function of the metal. The [M 1 Ca]21 ion
(m/z 596.2) (Figure 4a) produced very few singly-
charged ions. Those that were produced consisted of a
weak series of ions (m/z 849.4, 687.3, 525.1, 363.1)
formed as fragments of an ion that had lost a proton-
ated glucose molecule (181 mass units), thus accounting
for the lost charge. The other series of singly-charged
ions differing by glucose residues were cross-ring frag-
ments involving loss of a C4H8O4 residue (most proba-
bly a 2,4A fragmentation of the reducing-terminal glu-
cose residue) originating at m/z 909.2 and giving ions at
m/z 747.2, 585.2 and 423.1. A weak ion corresponding to
loss of a protonated glucose residue (163 mass units)
was present at m/z 1029.2 together with a very weak,
complementary [glucose 1 H]1 ion at m/z 163. Dehy-
dration products of m/z 163 were present at m/z 145 and
127. Sible et al. [37] reported the corresponding frag-
mentation in the MS/MS spectra of their carbohydrates
but note that the ion at m/z 163 was absent from the
spectra of the calcium coordinated species even though
its dehydration products were present. In our work, m/z
163 was present in all spectra although at a much lower
relative abundance than in the spectra of other [M 1
metal]21 ions. The proton loss accompanying this frag-
mentation, presumably from a hydroxy group [10],
would remove the second charge from the ion and leave
a structure that probably contained an ion pair between
Figure 3. Mass spectrum showing the [M 1 metal]21 ions from maltoheptaose ionized with the five
divalent cations. The spectrum was recorded with a cone voltage of 20 V.
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the metal ion and the anionic oxygen atom of the
deprotonated hydroxyl group. A second cross-ring
cleavage reaction, loss of 60 mass units (O,2A cleavage
resulting in loss of C2H4O2) from each monosaccharide
residue gave a series of doubly-charged ions at m/z
566.2, 485.2, 404.1, 323.1 and 242.0. Doubly-charged ions
appearing at 9 mass units below the mass of the Y ions
could be the corresponding Z-ions, Y ions that had
eliminated water or B ions (as maltoheptaose is a
symmetrical oligomer, distinction between B and Z ions
is difficult).
In contrast to the [M 1 Ca]21 ions, the [M 1 Co]21
ions gave singly-charged fragments as the main prod-
ucts of CID (Figure 4b). These doubly charged molecu-
lar ions were much less stable than the [M 1 Ca]21 ions
and fragmented with only 19 volts on the collision cell
as compared with the 27 required with calcium. How-
ever, the type of fragmentation was similar. Loss of a
protonated glucose residue, to give the ion at m/z
1048.3, with and without concomitant elimination of the
2,4A/C4 fragment resulted in the ion series differing by
the mass of glucose residues outlined in Figure 4b. The
corresponding B (or Z) series was present at m/z 1030.2,
868.2, 706.1, 544.1 and 382.0 in higher abundance.
Corresponding singly-charged protonated monosac-
charide ions were present at m/z 163.1, 145.0 and 127.0
and a protonated disaccharide ion was present at m/z
325.0. Doubly-charged ions were products of Y and B
(or Z) glycosidic cleavages. Fragmentation of the dou-
bly-charged magnesium and manganese adducts was
essentially similar with the ratio of doubly- to singly-
charged ions being approximately equal.
Fragmentation of the doubly-charged [M 1 Cu]21
ions (Figure 4c) also gave mainly singly-charged ions
resulting from Y and B (or Z) cleavages with the first
eliminated fragment abstracting a proton, as above.
However, the C4 cross-ring cleavage ions that resulted
in loss of 120 mass units in the spectra of the other
adducts were absent as were the doubly charged ions
formed by loss of 60 mass units. The mono- di- and
tri-saccharide-containing B ions containing hydrogen
rather that copper as the adduct at m/z 163.1, 325.1 and
487.2 were particularly abundant.
Fragmentation of the singly charged [M 1 Cu]1 ion
(Figure 5a) was almost identical to that of the [M 1
Na]1 ion (Figure 5b) except for the lower relative
abundance of the cross-ring cleavage ions resulting
from losses of C2H4O2 (60 mass units) and C4H8O4 (120
mass units) (approx. 2% relative abundance for the
[M 1 Cu]1 ion and 10% for fragments of the [M 1
Na]1 ion). Also, the collision-cell voltage required to
fragment the [M 1 Cu]1 ion was lower (approx 50 V)
than that required for the [M 1 Na]1 ion (70 V).
Figure 4. CID Spectra of the [M 1 metal]21 ions of the calcium (a), cobalt (b) and copper (c) adducts
of maltoheptaose. The position of the equivalent singly charged molecular ion is shown. Losses of
doubly charged fragments are indicated by italics. Glc 5 glucose. The inset structure shows the
positions of the Y and B cleavages; each open square indicate glucose.
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High-mannose N-linked glycans. The general features of
the spectra of doubly-charged ions from the high man-
nose glycans reflected those seen with maltoheptaose.
Thus, the spectra of the [M 1 Ca]21 ions were the most
complicated and contained a large number of doubly-
charged ions (Figure 6a). In general, these spectra
showed many of the features of the corresponding
[M 1 Na]1 spectra [35]. The most abundant fragmen-
tation pathway in the CID spectrum of the [M 1 Ca]21
ion from (GlcNAc)2(Man)5 (Figure 6a) obtained from
both ribonuclease B and ovalbumin was formation of
the doubly-charged B4 ion at m/z 526.7 followed by
successive losses of mannose residues to give the ions at
m/z 445.7, 364.6 and 283.6 (B4/Yx series, see Figure 2 for
ion nomenclature), accompanied by the corresponding
C4/Yx series at lower relative abundance. Successive
losses of dehydroxymannose (Y cleavages) from the
[M 1 Ca]21 molecular ion gave doubly-charged frag-
ments at m/z 556.2, 475.2, 394.1 and 313.1. Their relative
abundance reflected the mannose branching pattern in
that the ion at m/z 394.1 representing loss of three
mannose residues was relatively more abundant than
its neighbors reflecting loss of the branched 6-antenna
by a single bond cleavage (Y3 ion). The corresponding Z
ion series was present in lower relative abundance.
Several ion series involved cross-ring cleavages of
the core GlcNAc residues. Thus, the weak doubly-
charged ion at m/z 586.8 represented an O,2A5 cleavage
of the core GlcNAc residue and the abundant ion at m/z
485.2 was formed either by further elimination of a
GlcNAc residue or an O,2A4 cleavage of the other core
GlcNAc residue. In this respect, the spectrum differed
from that of the [M 1 Na]1 ion as in the latter spec-
trum, this ion was relatively weak. The O,2A4 ion then
lost the single dehydroxymannose attached to the
3-position of the core mannose residue, a fragmentation
that was confirmed by the corresponding loss of two
such residues in the corresponding spectrum of
(GlcNAc)2(Man)6 (see Figure 2 for structure). This frag-
mentation sequence is highlighted in Figure 6b by the
use of broken arrows and gave valuable information on
the relative composition of the two antennae. This
fragmentation was not, however, seen in the spectra of
the other adducts, an observation also noted by Sible et
al. [37] in the spectra of their compounds.
The major singly-charged ions in this spectrum and
in the spectra of the Co, Mn and Mg adducts could be
rationalized by initial elimination either of protonated
dehydroxymannose (163 mass units) followed by a ring
fragmentation at the reducing end to give a O,2A5/Y4
Figure 5. (a) CID spectrum of the [M 1 Cu]1 ion (singly charged) from maltoheptaose. (b) the
spectrum of the corresponding [M 1 Na]1 ion.
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fragment at m/z 950.3, or by loss of the reducing-
terminal GlcNAc residue (B4 cleavage) together with
dehydroxymannose and a proton to give the ion at m/z
890.3. Both ions decomposed further by loss of mannose
residues as outlined in Figure 6a and were observed to
varying extents in the spectra of the other adducts. The
relative abundance of these singly-charged ions in-
creased in the order Mg . Mn . Co and followed the
reverse order of the collision energy necessary to
achieve fragmentation. The relative abundance of the
[B4 2 163]
1 ion was highest in the spectrum of the
calcium adduct where it was also observed to loose
GlcNAc to give m/z 747.3 followed by mannose residue
loss. The relatively high incidence of cross-ring cleavage
products from the reducing-terminal GlcNAc is similar
to the situation occurring in the fragmentation of the
corresponding [M 1 alkali-metal]1 ions of N-linked
glycans [35, 39, 40] and reflected the 134 linkage of the
GlcNAc residues. The high abundance of these ions is
thought to reflect the tautomeric nature of the reducing-
terminal ring [10, 55], a property that probably accounts
for earlier observations that the appearance of cross-
ring cleavage products appears to begin at the reducing
terminus of linear glycans and then proceeds along the
molecule in a stepwise manner [5, 10, 13]. However, the
reason for the 2,4A ions to appear mainly as singly-
charged products whereas the O,2A ions appeared with
two charges is unclear.
The spectrum of the [M 1 Cu]21 adduct of
(GlcNAc)2(Man)5 (Figure 7a) was comparatively sim-
ple. The only abundant doubly-charged fragments were
the result of successive losses of dehydroxymannose
residues from the molecular ion. In contrast to the
spectrum of the calcium adduct, there was only a weak
Figure 6. (a) CID Spectrum of the [M 1 Ca]21 ion from (GlcNAc)2(Man)5 showing the single ion
fragmentation. (b) Expansion of the region m/z 250–650 showing the fragmentation of the doubly
charged ions. Singly charged ions are shown with an asterisk. The broken arrows show the pathway
leading to the ions diagnostic of the structure of the 3-antenna. The abbreviated monosaccharide
names (Man 5 mannose, GlcNAc 5 N-acetylglucosamine) refer to the dehydroxy forms of these
residues whose formation involves a hydrogen migration to the ionic fragment. Where the intact
monosaccharide is eliminated in, for example, the formation of B ions, the form GlcNAc-OH is used.
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doubly-charged B4 fragment (m/z 538.2). The singly-
charged fragments paralleled those seen in the other
adducts and are outlined in Figure 7a. There were
prominent singly-charged ions corresponding to [man-
nose 1 H]1 (m/z 163), [GlcNAc 1 H]1 (m/z 204) and
their dehydration products (m/z 145, 127). Only 14 volts
was required to fragment this compound.
Only copper appeared to form a singly-charged
[M 1 Cu]21 ion in the ion source. The singly-charged
ions from the other metals were formed by loss of a
dehydroxymannose. As there were three possible sites
for the terminal mannose to be lost from these high-
mannose glycans, the structure of the resulting ion was
unknown and, consequently of limited use for struc-
tural studies. The predominant ion series from the
[M 1 Cu]1 ion (m/z 1297.5, Figure 7b) was loss of the
reducing-terminal GlcNAc residue (B4 cleavage) fol-
lowed by successive losses of dehydroxymannose. Suc-
cessive losses of dehydroxymannose were also ob-
served from the molecular ion but these ions were
weaker. Also weak were the B3 and B3/Y3b ions that
were prominent in the spectrum of the [M 1 Na]1 ion.
Cross-ring cleavages were present only at the reducing
end. This type of fragmentation was very similar to that
seen from the corresponding [M 1 H]1 ion [35] al-
though the Z and C ions tended to be more prominent.
No singly-charged fragments containing a proton,
rather than copper, as the adduct, were observed.
Hybrid N-linked Glycan
Spectra of the [M 1 metal]21 ions from the hybrid
glycan (see Figure 8) obtained from ovalbumin showed
the same general features as those of the other glycans.
The [M 1 Ca]21 ion gave a complex mixture of singly-
and doubly-charged ion (Figure 8a, b), whereas the
[M 1 Co]21 ion (Figure 9) gave predominantly singly-
charged products; the only doubly-charged ions seen in
the latter spectrum corresponded to successive losses of
three mannose residues from the [M 1 Co]21 ion. The
Figure 7. CID Spectrum of (a) the doubly charged and (b) the singly charged copper adduct of
(GlcNAc)2(Man)5.
933J Am Soc Mass Spectrom 2001, 12, 926–937 FRAGMENTATION OF DERIVATIZED N-LINKED GLYCANS
O,2A4 doubly charged ion was present (m/z 688.2, Figure
9) and loss of the GlcNAc-Man group (m/z 505.6)
defined the composition of the 3-antenna. The singly
charged ion series again originated from ions that had
lost 161 mass units in a 2,4A5 cleavage followed by
successive losses of mannose and GlcNAc residues.
Complex N-linked Glycans from Ovalbumin and
Related Glycoproteins
The spectra of the [M 1 Ca]21 ion from the series
(GlcNAc)n(Man)3 where n 5 4 to 8 contained abundant
doubly charged ions (Figure 10). The relative abun-
dance of these ions, when measured against the
[GlcNAc 1 H]1 ion (m/z 204.0), fell as n increased so
that they were only about one tenth as abundant in the
spectrum of (GlcNAc)8(Man)3 (for structure, see Figure
10b). The presence of non-reducing terminal GlcNAc
residues resulted in the major doubly charged ions
being formed by loss of dehydroxy-GlcNAc residues
(Y-cleavage). Loss of GlcNAc, rather than hexose, to-
gether with the product of the 2,4A5 cleavage and a
proton gave the major singly-charged ion series. The
attachment of the proton to the GlcNAc residue was
supported by the appearance of the abundant singly-
charged ion as m/z 204. Weak doubly-charged O,2A5 and
2,4A5 ions were present but the
O,2A4 (or
O,2A5-dehy-
droxy-GlcNAc) ion was abundant (m/z 526.1 in the
spectrum of (GlcNAc)4(Man)3 Figure 10a). As observed
in the spectra of the high mannose and hybrid glycans,
this ion lost the GlcNAc (m/z 424.6) and mannose
residues from the 3-antenna to give the ion at m/z 343.6
(Figure 10a) in agreement with the structure reported
by Da Silva et al. [49, 50]. The presence of this latter ion
appeared to be diagnostic for compounds lacking sub-
stituents on the 6-mannose residue of the core as it was
also present in the spectrum of (GlcNAc)5(Man)3 which
also possessed this feature [49, 50], but was absent from
the spectra of the higher members of the series. This
diagnostic ion series (2,4A cleavage followed by loss of
the 3-antenna) was also present in the spectra of the
other members of this series although the ions became
progressively weaker as the number of GlcNAc resi-
dues increased.
The ion at m/z 991.3 in the spectrum of
(GlcNAc)4(Man)3, shown in Figure 10a, and in that of
(GlcNAc)5(Man)3, eliminated dehydroxymannose sup-
porting the reported unsubstituted nature of the 6-an-
Figure 8. (a) CID Spectrum of the calcium adduct of the hybrid glycan. The intensity of the region
above m/z 210 has been magnified by the factor of 7. (b) An expanded view of the lower mass region
showing the doubly charged fragmentation. Singly charged ions are indicated by asterisks. The
pathway leading to the ions diagnostic of the structure of the 3-antenna are shown with broken
arrows.
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tenna in these compounds [49, 50]. This fragmentation
was absent from the spectra of the higher members of
this series (Figure 10b) that lacked the non-reducing
terminal hexose. Higher members of the (GlcNAc)n
(Man)3 series, e.g., (GlcNAc)8(Man)3 (Figure 10b)
tended to show only the ion formed by loss of proton-
Figure 9. CID Spectrum of the cobalt adduct of the hybrid glycan. The intensity of the region above
m/z 210 has been magnified by the factor of 10.
Figure 10. (a) CID spectra of the calcium adducts of (GlcNAc)4(Man)3 and (b) (GlcNAc)8(Man)3 from
egg white glycoproteins.
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ated dehydroxy-GlcNAc and the 2,4A5 cleavage (singly
charged), together with ions formed by successive
losses of GlcNAc residues, in the high-mass region.
The [M 1 Co]21 ions from these complex N-glycans
again fragmented mainly to singly charged ions but
showed the same fragmentation routes as the [M 1
Ca]21 ions with the exception that the diagnostic frag-
mentation pathway defining the composition of the
3-antenna (loss of 101 1 203 mass units, etc.) was
essentially absent. In the limited number of compounds
that were examined, the presence of terminal galactose,
as in the compound shown in Figure 11b, produced a
more abundant loss of hexose from the [M 2 161 2
204]1 than in the spectra of the hybrid glycans (Figure
11a); both of these compounds contain both GlcNAc
and hexose at the non-reducing terminus. However, the
number of compounds tested was too small to deter-
mine if this was a general observation. Fragmentation of
the [M 1 Cu]1 ions from these compounds was, again,
similar to that of the corresponding [M 1 H]1 ions.
The type of fragmentation shown by the doubly-
charged ions appeared to reflect the second ionization
potential of the coordinating metal. Thus, calcium,
whose MS/MS spectra contained the highest abun-
dance of doubly charged fragment ions, had the lowest
second ionization potential of the five metals studied
(Table 1). Cobalt and, particularly copper, had high
second ionization potentials. This would account for the
tendency of the metal to attract electrons from oxygen
atoms and promote the expulsion of protonated sugar
residues such as protonated mannose to give m/z 163,
and account for the relatively unstable nature of the
doubly-charged molecular ions. The high second ion-
ization potential of copper also probably accounted for
the preponderance of singly-charged ions in the MS
spectra and for the tendency of the metal to act as a
singly-charged ion.
Conclusions
The divalent cations produced more abundant ions
([M 1 metal]21) than were observed earlier from alkali
metal ions. Calcium, in particular, gave high sensitivity
allowing detection in the fmole range. Both singly and
doubly charged fragment ions were produced by all
cations with the highest abundance of doubly charged
fragments following ionization with calcium. Most frag-
ments were products of glycosidic cleavages with the
Figure 11. (a) CID spectra of (GlcNAc)4(Man)5 and (GlcNAc)6(Man)3(Gal)1 from egg white glycop-
roteins. Symbols as defined in the legend to Figure 2 plus open diamond 5 galactose.
Table 1. First and second ionization potentials of the metals,
listed in reverse order of their second ionization potential [56]
Metal
Ionization potential (eV)
1st 2nd
Cu 7.73 20.29
Co 7.86 17.06
Mn 7.43 15.64
Mg 7.65 15.03
Ca 6.11 11.87
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only significant cross-ring cleavages being O.2A and 2,4A
fragments of the reducing-terminal residue. Singly
charged ions were generated by the elimination of
protonated monosaccharide residues. Unlike the study
by Sible et al. [37], which concluded that cobalt was the
most useful divalent metal for obtaining structural
information from the glycans, our results favor calcium,
both in terms of its ability to ionize the carbohydrates
with highest sensitivity as [M 1 Ca]21 ions and in its
ability to generate ions by specific loss of the 3-antenna.
The weak cross ring cleavage ions of the type that were
observed by these authors from the [M 1 CoCl]1 ions
were not present in the spectra of the [M 1 Ca]21 ions.
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